The preservation of biomaterials depends critically on the mobility of water in the glassy state, manifested as a secondary relaxation and diffusion. We use coarse grain simulations to elucidate the molecular mechanism underlying the relaxations for water-glucose glass, finding two pathways for water diffusion: (i) water jumps into neighbor water positions (linking to water structure), and (ii) water jumps into glucose positions (coupling to glucose rotation). This work suggests strategies for enhancing preservation by stiffening the segmental motions of the carbohydrates. DOI: 10.1103/PhysRevLett.95.045701 PACS numbers: 64.70.Pf, 61.20.Ja, 61.20.Lc, 61.25.Em The formation of carbohydrate glasses is sought for the preservation of foodstuff, pharmaceuticals, and cryopreserved proteins and cells, as a means to achieve textural and chemical stability. However, recent studies of carbohydrate solutions have shown that vitrification is not sufficient to arrest water mobility: water can still diffuse in the glassy carbohydrate matrices [1] [2] [3] [4] [5] , decreasing the chemical stability of the material [6] .
The formation of carbohydrate glasses is sought for the preservation of foodstuff, pharmaceuticals, and cryopreserved proteins and cells, as a means to achieve textural and chemical stability. However, recent studies of carbohydrate solutions have shown that vitrification is not sufficient to arrest water mobility: water can still diffuse in the glassy carbohydrate matrices [1] [2] [3] [4] [5] , decreasing the chemical stability of the material [6] .
Dielectric relaxation studies of glucose and its water mixtures also show the existence of mobility below the glass transition, manifested as a strong secondary relaxation [7, 8] . This secondary relaxation in the glass is another evidence of the existence of relaxation modes decoupled from the viscosity, even in the absence of water. The microscopic origin of secondary relaxations in glasses is still disputed [9, 10] . There is no consensus on whether its origin is a local restricted reorientational process that involves all molecules [10] [11] [12] or a spatially heterogeneous process that encompasses big rotational motions of molecules located in mobile regions [9] .
The diffusion of small molecules or ions in glasses is not unique to carbohydrate mixtures but also seen in glassy ionic conductors [13] , metallic glasses [14] , and polymers [15] . In all these cases, the translational mobility of the small molecule or ion decouples from that of the glassy matrix. Whether the goal is to increase the decoupling (as in ionic conductors) or to decrease it (as in matrices used for preservation, like carbohydrates), there is a need to understand the microscopic mechanism that allows such decoupling in the glass. This Letter addresses the question of what mechanisms of relaxation operate in water-glucose glasses to account for the relaxation and the decoupling of water translation from the sugar matrix.
Molecular dynamics (MD) simulations provide the level of detail required to elucidate these microscopic mechanism. Nevertheless, the study of glassy molecular mixtures by MD has been hampered by the computational cost of atomistic simulations. We study here the relaxation of a 12.2% water-glucose (WG) glass using our recently developed M3B coarse grain model [16] for carbohydrate-water mixtures. M3B represents the water molecule by one bead or pseudoatom and glucose by three beads as shown in Fig. 1 and is 7500 faster than atomistic MD, extending the simulation time to the order of a microsecond. Despite its simplicity, M3B predicts water distributions in glucose in excellent agreement with full atomistic simulations [17] , glass transition temperatures in accordance with experiment [16] , and a jump-diffusion mechanism and Arrhenius temperature dependence for water diffusion in supercooled glucose mixtures that agrees with all experimental results known for water in concentrated carbohydrates mixtures [17] .
In this Letter we determine the mechanism of diffusion of water in glucose, the canonical carbohydrate, and show that the diffusion of water in the glass is related to the distribution of water in the mixture through the existence of facilitated position exchanges between neighbor water molecules, and by the rotation of the glucose molecule, that also persists below the glass transition.
We studied the diffusion in glucose glass at T=T g 0:92. For this mixture, T M3B g 239 K [16] (T exp g 240 K [18] ). The simulation methods and preparation of the 12.2 wt % WG system are described in Ref. [17] . The glass was prepared from the 12.2 wt % WG supercooled mixture at 250 K of Ref. [17] , cooling it to 220 K, and then running isothermal isobaric MD for 0:85 s at 220 K. The results presented here correspond to the last 750 ns of that trajectory. Fig. 2(a) shows the distribution of distances traveled by water and glucose at T=T g 0:92 after t 0:5 s. The two components display strikingly different behavior: glucose shows a single peak in the distribution, that does not evolve noticeably with time, indicating that -as expected -there is no translational motion of the sugar in the glass. Water, on the contrary, remains mobile and presents multiple peaks in 4r 2 G s r; t. The characteristic time for water to diffuse to a first neighbor position was estimated to be 1:8 s, and its diffusion coefficient to be D l 2 =6 1:0 10 ÿ14 m 2 =s, which agrees with D 10 ÿ14 m 2 =s measured for water in 10 wt % and 6 wt % water-maltose mixtures at their respective glass transition temperatures [1, 2] . This diffusivity is 9 orders of magnitude higher than the Stokes-Einstein prediction at T g A. This corresponds to a half width of 2 decades in the frequency domain [19] , as observed for the electrical relaxation of ionic conducting glasses [13] . This result stresses the commonality between relaxations of small diffusive particles-water, ions, or atoms-in glasses.
Having established that the center of mass of glucose does not translate in the glass and that water displaces through jumps, we analyze the factors that allow the decoupling of water diffusion from carbohydrate translation. It has been suggested that water may diffuse through free volume (FV) channels formed by packing the sugars [2, 5] . To examine this hypothesis, we computed the FV available to spherical probes with radius ranging from R p 0 to 1.5 Å using a grid based method [20] . We find that the FV network in 12.2% WG percolates for a probe radius of R pperc 0:5 A, much smaller than the size of water. The same R pperc was found for water-sucrose mixtures with low water content (10 -33 wt %), using atomistic simulations [20] . Contrary to observations for glassy polymers [21] , there are no free volume channels available to facilitate water diffusion in the glass. Hence, the observed water motion implies concerted displacements with either water molecules or glucose beads.
Water diffusion in the glass proceeds through jumping into the position of neighbor water and glucose beads. For every jump made by a water molecule, we identified which particle occupied the new water position before the jump. We found that most (68%) of the jumps involve water replacing a neighbor water molecule, with the other important contribution (22%) from water jumping into glucose smallest bead, B6 (see Table I ). Moreover, the small Fig. 2(a) ]. Water in the 12.2% WG mixture has a locally heterogeneous structure that we characterized by their number of first neighbor waters (distance < 4 A) [17] . This neighbor distribution for the glassy mixture is shown in Fig. 3(a) . Table I shows that most of the water molecules jump into a water neighbor position. We define [17] the water facilitation [ Fig. 3(b) ] as the ratio between the fraction of total jumps for a specific water coordination number and the fraction of waters having this coordination number [see Fig. 3(a) ]. The water facilitation in the glass shows that the presence of water neighbors significantly increases the probability of water jumps. We find the same trend (but less dramatic) for water facilitation for the same system above the glass transition [17] . This increased importance of water structure on water dynamics below T g is due to decreased contribution from the other water relaxation channel involving the motion of glucose beads.
The existence of jumps for waters that lack water neighbors is consistent with the results of Table I , showing 32% of jumps of water into glucose bead positions. The absence of translation of the carbohydrate indicates that there must be a local motion of the sugar contributing to the dynamics of water. In the M3B model, these modes correspond to glucose rotation.
To obtain additional mechanistic detail, we computed the autocorrelation of glucose reorientations [using angles defined by two unit vectors: the ''backbone vector'' r B in the direction that connects the beads B1 and B4, and the ''side vector'' r S that connects the middle of r B to the position of B6, that represents the side group of atomistic glucose (see Fig. 1)] . The autocorrelation of the corresponding angles m t r m t r m 0 is defined by 4 sinP m ; t Figure 4 shows that the backbone and side rotations both proceed through big jumps that appear as secondary peaks in the autocorrelation function. The probability of backbone jumps is lower than for side jumps, in agreement with The persistence of glucose rotation in the glass and the existence of rotational jumps agree with 2D NMR experiments on 15 wt % WG just above T g [22] . The contribution of continuous diffusion (small jumps) to the rotational relaxation is insignificant, as can be seen in the invariant position of the first peak of P; t in Fig. 4 . Thus, we find that the most relevant mechanism for the rotation of glucose in the glass is through big jumps. We expect the magnitude of the angle jumps obtained with the coarse grain model to be larger than for the fully atomistic system, reflecting the lack of ''sticky points'' present atomistically (e.g., hydrogen bonds) but not in the M3B model. The M3B model probably has a smoother energy landscape than the atomistic model.
Our results indicate the translation of water and the rotation of the sugar both contribute to the relaxation in the glass, and thus to the observed relaxation. In the glass both water translation and glucose rotation occur through big jumps with comparable characteristic times: W 1:8 s, S 3 s, and B 15 s, which explains the observation of a single broad peak in the dielectric relaxation of water-glucose mixtures [7] . We expect that water rotation -meaningless in our coarse grain modelwould also contribute to the relaxation. Our results indicate that the broadening of the relaxation of glucose by the addition of 10% water [7] is due to the contribution of water translation occurring with comparable time scales to glucose rotation. This also explains the observed increased in amplitude of the peak with the addition of water to glucose [7] . We find that the water and glucose molecules that jump are clustered. However, our simulation times (1 s) are too short to support a spatially heterogeneous scenario in the glass. (For T=T g 1:05 we find that all water and glucose molecules contribute to the relaxation in a t 0:65 s simulation.) Note that, in the glass, the mobile glucose molecules are mobile only with respect to their rotation: Not even the ones that display high rotational mobility show any sign of translational diffusion.
With respect to the microscopic mechanism of water diffusion in the glass, we conclude that water mobility decouples from the translation of the sugar, though it is still facilitated by the local dynamics of the carbohydrate, also persistent below T g . There are no free volume channels that facilitate water motion in this glass, and water diffusion occurs through two relaxation pathways: (i) water jumping into a neighbor water position, and (ii) water jumping into a neighbor glucose bead position. The former couples the water dynamics to its local structure, and the latter couples to the rotational dynamics of the carbohydrate, in particular, to the rotation that involves the exchange of water with the small ''side group'' B6 of glucose. The facilitation of water dynamics by water neighbors reflects the difference in time scales of the two processes leading to water diffusion: increased water neighbors favors the first, more probable (see Table I ), pathway. The lower probability of the second pathway reflects the hindrance to the rotation of a more complex topology formed by bigger particles in a dense mixture (see above the lower jump probability of the glucose beads). Based on this mechanism for water diffusion, we expect that water mobility in carbohydrate solutions will be more sensitive to the glass transition for lower water content mixtures, where the water facilitation mechanism is less relevant and water mobility relies on its coupling to the dynamics of the sugar matrix. An NMR study of water mobility in maltose for water contents in the range 5-20 wt % confirms this prediction [4] . On the other hand, the existence of facilitated diffusion of water due to glucose rotation explains why water diffusion is observedalbeit very slow-in carbohydrate glasses even at very low water contents [2] , below the percolation threshold for water in these systems [17] . An urgent need in biopreservation is to develop improved formulations that would decrease water mobility in the glass. This work indicates that local mobility of the carbohydrate is a key to control water diffusivity in low water content mixtures. This mechanism can be generalized to glasses of oligosaccharides, were the segmental motion of the monosaccharide units in the chain would provide the local modes that couple to water diffusion. In this respect, we find that the rigidity of the internal modes of the host molecule tunes the degree of water mobility: we observe a 13-fold enhancement of water diffusion in supercooled 12% Wdodecamaltooligomer at 475 K when the torsional potentials that restrict the segmental dynamics of the polymer in M3B are turned off [23] . In an analogous way, the lower diffusivity of water in trehalose than in sucrose [24] may be related to the higher conformational rigidity of the former disaccharide. The results presented here indicate that preservation mixtures with minimum water mobility should be designed by decreasing the water content and carbohydrate segmental mobility.
At the coarse grain level description of this work, we expect the results to be relevant to understand the mechanism of mobility of small species in other translationally frozen matrices, such as metallic [14] and ionic conductors glasses [13] . On the other hand, the success of M3B to describe the essential features and time scales of molecular transport in water-glucose solutions emphasizes that the explicit inclusion of hydrogen bonds, charges, or even atomic detail, is not essential to model these fully hydroxylated systems.
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